[1] The accumulation of wind blown (eolian) dust in deep-sea sediments reflects the aridity/humidity conditions of the continental region supplying the dust, as well as the "gustiness" of the climate system. Detailed studies of Pleistocene glacial-interglacial dust fluxes suggest changes in accumulation rates corresponding to orbital variations in solar insolation (Milankovitch cycles). While the orbital cycles found in sedimentary archives of the Pleistocene are intricately related to glacial growth and decay, similar global orbital signals recognized in deep-sea sediments of early Paleogene age, the last major greenhouse interval ∼65-45 million years ago, could not have been linked to the waxing and waning of large ice sheets. Thus orbital signals recorded in early Paleogene sediments must reflect some other climate response to changes in solar insolation. To explore the potential connection between orbital forcing and the climate processes that control dust accumulation, we generated a high-resolution dust record for ∼58 Myr old sediments from Shatsky Rise (ODP Site 1209, paleolatitude ∼15°N-20°N) . The dust accumulation data provide the first evidence of a correlation between dust flux to the deep sea and orbital cyclicity during the early Paleogene, indicating dust supply responded to insolation forcing during the last major interval of greenhouse climate. Furthermore, the relative amplitude of the dust flux response during the early Paleogene greenhouse was comparable to that during icehouse climates. Thus, subtle variations in solar insolation driven by changes in Earth's orbit about the Sun may have had a similar impact on climate during intervals of overall warmth as they did during glacial-interglacial states.
Introduction
[2] The record of cyclic orbital variations in solar insolation (Milankovitch cycles) extends throughout most of Earth's history. The long-term persistence of all three Milankovitch cycles (precession, obliquity, and eccentricity) in the geologic record indicates that orbital insolation variations have had an impact on regional and global climate regardless of overall climate state. Yet, the expression of orbital cyclicity in the sedimentary archive has varied through geologic time [Research on Cretaceous Cycles Group, 1986; Herbert and D'Hondt, 1990; Herbert et al., 1995; MacLeod et al., 2001] , likely as a consequence of changes in Earth's internal boundary conditions (e.g., the presence or absence of large ice sheets, variations in atmospheric greenhouse gas concentrations, ocean chemistry, sea level, and paleogeography).
[3] Although strong interrelationships exist among the various Milankovitch parameters (e.g., precessional modulation by eccentricity), each orbital component influences a particular aspect of the climate system. Precessional variations in insolation are known to impact low-latitude climate patterns by changing the seasonality of insolation, and therefore seasonal contrasts, thereby exerting strong influence on the monsoons which ultimately determine precipitation [Labeyrie et al., 2002] . Obliquity or the Earth's axial tilt, determines the Sun's elevation above the horizon and therefore, the amount of summer insolation received at high latitudes [e.g., Imbrie et al., 1993] . Changes in the distribution of insolation on Earth's surface, and consequently temperature gradients, may be a mechanism to connect low-and high-latitude climate by enhancing poleward material fluxes [Raymo and Nisancioglu, 2003] . Eccentricity variations directly influence the average solar insolation reaching Earth. Eccentricity cycles seem to dominate some climate records, yet researchers struggle to explain this climate response when the shorter orbital frequencies of precession and obliquity have more influence over the distribution of heat on Earth's surface. It may be that longer periodicities observed in the geologic record simply reflect an increasingly nonlinear response of the climate system to precessional or obliquity forcing [e.g., Maslin and Ridgwell, 2005; Liu et al., 2008] . [4] During the Plio-Pleistocene icehouse, orbital cycles identified in stable isotope records are also found in the record of dust supply to the oceans and ice [Rea, 1994; Tiedemann et al., 1994; Rea et al., 1985; Hovan et al., 1989; Petit et al., 1999; Svensson et al., 2000; Winckler et al., 2008] , deepocean circulation patterns [Boyle and Keigwin, 1987] , deep-ocean carbonate ion concentrations [Farrell and Prell, 1989] , and atmospheric greenhouse gas concentrations [Petit et al., 1999] . Variations in these climate parameters are all linked, directly or indirectly, to major fluctuations in continental ice sheets and global temperatures [Berger and Loutre, 2004; Short et al., 1991] .
[5] Similar orbital cycles are recorded in deep-sea sediments of early Paleogene age [e.g., Norris and Röhl, 1999; Röhl et al., 2000 Röhl et al., , 2001 Röhl et al., , 2003 Röhl et al., , 2007 Pälike et al., 2001; Westerhold et al., 2007 Westerhold et al., , 2008 , the last major greenhouse interval, ∼65-45 million years ago. Numerous lines of evidence indicate that the early Paleogene was a period of greenhouse global warmth, with little to no evidence of permanent ice at the poles [e.g., Sluijs et al., 2009] . For example, evidence from recent drilling in the Arctic Ocean basin indicates a warm and brackish environment [Moran et al., 2006; Pagani et al., 2006] with warm-temperate, mixed conifer/deciduous forests colonizing the northern high latitudes [Sluijs et al., 2006 [Sluijs et al., , 2009 . The fossil record shows the range of subtropical flora extended at least to the midlatitudes [Hunt and Poole, 2003; Greenwood and Wing, 1995] , and mixed thermophilic/temperate insect assemblages are suggestive of a "highly equable climate" [Greenwood et al., 2005] . Measurements of d
18 O in benthic foraminiferal tests estimate mid-late Paleocene deep-water temperatures of 7°C-10°C [e.g., Zachos et al., 2001] , implying high-latitude sea surface temperatures far above freezing. There is only very limited evidence of permanent polar ice during the early Cenozoic [Schmitz, 2003; DeConto and Pollard, 2003] . Thus the orbital frequency cycles found in early Paleogene sediments cannot be attributed to the waxing and waning of large ice sheets, and must, therefore, reflect some other climatic response to changes in solar insolation.
[6] Early Paleogene deep-sea sediments recovered from the western North Atlantic (Blake Nose), the southern Atlantic (Walvis Ridge) and the northwest Pacific (Shatsky Rise) contain lithologic cycles with established and accepted periodicities of 100 kyr and 400 kyr (Figure 1 ) [Röhl et al., 2001 [Röhl et al., , 2003 Westerhold et al., 2008] . The cyclic lithology is precisely correlated among all locations and is sufficiently long and continuous to imply a globalscale controlling mechanism: orbitally forced changes in insolation. Furthermore, the cyclostratigraphy established by the global correlation of the lithologic cycles [Westerhold et al., 2008] is now accepted as the basis for the Paleogene timescale, enabling the most precise intersite correlation possible and cited as evidence for the relative completeness of various stratigraphic sections [e.g., Schulte et al., 2010] . However, the connection between orbital scale lithologic cycles and the presumed associated insolation forcing is more spatially variable for Cretaceous and early Paleogene sediments than during the Pleistocene, suggesting a more complex climatic response. For example, lithologic cycles in early Paleogene and Late Cretaceous Blake Nose sediments are dominated by the precessional cycle with a minor component of eccentricity [e.g., MacLeod et al., 2001] . These cycles are interpreted to reflect productivity variations driven by cyclic changes in upwelling intensity and/or delivery of nutrients via continental weathering [Kroon et al., 2001; Norris and Röhl, 1999; Pälike et al., 2001; Röhl et al., 2000 Röhl et al., , 2001 Röhl et al., , 2003 Röhl et al., , 2007 . Precessional and eccentricity cycles in the South Atlantic (Rio Grande Rise and Walvis Ridge) may reflect changes in carbonate dissolution rates, terrigenous sediment supply, or sea surface productivity [Herbert and D'Hondt, 1990; Herbert et al., 1995] . Unraveling the nature of the lithologic cycles (e.g., what are the relative changes in dissolution, terrigenous inputs, productivity, etc.) is crucial toward understanding which aspects of the climate system are impacted by orbital variations in insolation.
[7] The first step toward understanding how orbitally driven changes in insolation impact climate during greenhouse intervals is to reconstruct how the input signal is translated to the sedimentary record. The biogenic carbonate component of marine sediments has been a sensitive recorder of orbital cyclicity throughout geologic time [e.g., Research on Cretaceous Cycles Group, 1986; Bottjer et al., 1986; Herbert and D'Hondt, 1990] , because several aspects of the climate system ultimately dictate carbonate content in deep-sea sediments. The calcium carbonate content of pelagic sediments is controlled by surface water production of carbonate microfossils (supply), the preservation of carbonate during sedimentation and burial (dissolution), and the flux of other sedimentary constituents (dilution). Thus a decrease in sedimentary carbonate content may result from diminished production, increased dissolution, a relative increase in terrigenous sediment supply, or a combination of these factors. Each of these factors is a function of prevailing climate parameters. Sea-surface productivity is strongly dependent on wind stress and upwelling of nutrientrich waters, or nutrient inputs from weathering and runoff. The corrosiveness of deep and bottom waters is controlled by atmospheric pCO 2 and deep-ocean circulation. Delivery of terrigenous sediments to the deep sea, by wind or hemipelagic plumes, depends upon on continental weathering and runoff, both of which are tied to regional climate. [8] It is likely that several of the above climatic parameters varied in concert during the early Paleogene as they did during the Pleistocene. Thus, identifying which factors controlled the accumulation of calcium carbonate and caused the lithologic cycles with orbital frequencies is complicated. However, we can eliminate several variables through careful selection of the study location. In remote regions of the ocean, far from any paleoshoreline, the only likely source of continentally derived materials is the wind [Rea, 1994; Rea et al., 1985] . By selecting a site located in the center of an ocean basin during the targeted study interval, we can eliminate cyclic changes in hemipelagic inputs as a mechanism for diluting the calcium carbonate content. Furthermore, if the paleolocation of the site was within a subtropical gyre, sea surface productivity would have been consistently low and relatively stable, effectively eliminating cyclic changes in carbonate production as a variable.
[9] Shatsky Rise presents such a location. During the early Paleogene, paleogeographic reconstructions place Shatsky Rise in the center of the subtropical Pacific gyre, far from the continents (Figure 2 ) [Hay et al., 1999] . A section of ∼58 Myr old sediments recovered from the rise during Ocean Drilling Program (ODP) Leg 198 consists predominantly of nannofossil ooze with varying amounts of clay. The lithologic cycles manifest as slight variations in sedimentary carbonate identified by changes in magnetic susceptibility and sedimentary Fe content. In deep-sea sediments, variations in magnetic susceptibility and Fe content are often inversely proportional to carbonate content and likely represent changes in terrigenous clay minerals. It is important to note that the Fe content is not itself a direct proxy of terrigenous silicate minerals, but a useful first-order gauge of clay content. The concentration of terrigenous material must be determined independently. By selecting Shatsky Rise as the study location, we can effectively eliminate two of the four potential causes of the recorded lithologic cycles: hemipelagic inputs and significant variations in sea surface productivity. Thus, we focus on the relative contributions of dust accumulation (as a potential mechanism for carbonate dilution) and carbonate dissolution to the generation of the recorded lithologic cycles.
Dust as a Paleoclimate Proxy
[10] The mineralogy of alumino-silicate material deposited on the seafloor is similar to that of atmospheric dust transported by the overlying winds [Windom, 1975; Prospero et al., 1981; Janecek and Rea, 1983] . This suggests ocean currents do not transport eolian material significant distances after it settles to the sea surface. Researchers have exploited this observation by using eolian material isolated from deep-sea sediments as a proxy for atmospheric circulation patterns and vigor [Clemens, 1998; Janecek and Rea, 1983, 1985; Hovan and Rea, 1992] , dust source regions and changes in the aridity and/or vegetation cover of those regions [Rea, 1994; Kohfeld and Harrison, 2001; Vanden Berg and Jarrard, 2004; Stancin et al., 2008] .
[11] Eolian grain size and mass accumulation rates (MARs) fluctuate independently, implying each records the response of a different combination of environmental parameters [e.g., Rea, 1994] . The average grain size of dust deposited in the open ocean indicates wind intensity [Hovan and Rea, 1992; Rea, 1994] or shifts in the location of prevailing winds (e.g., features such as the ITCZ or Westerlies) [Janecek and Rea, 1985; Prospero et al., 2002; Hyeong et al., 2006] . In order for dust to be transported long distances the velocity of the transporting wind must be sufficiently strong to keep it suspended in the atmosphere [Pye, 1987] . Therefore, changes in the average grain size of accumulating dust are interpreted to reflect variations in wind strength over the region throughout time.
[12] The rate of dust accumulation in a given location depends upon the load carried by the wind. This is controlled by several factors, notably the aridity of the dust source region and its proximity to the depositional site [e.g., Rea, 1994 , and references therein] [Chuey et al., 1987] , hydrologic cycling, wind intensity, vegetation cover, and glacial erosion [e.g., Harrison et al., 2001, and references therein] . Arid regions tend to produce the most dust [e.g., Clemens and Prell, 1990; Harrison et al., 2001 ]. Yet a region needs some level of rainfall to facilitate weathering of rock minerals and soil development, which ultimately supply material of suitable size to be entrained by the winds. If a region becomes hyper arid (<100 mm of [Hay et al., 1999] . precipitation annually) dust generation declines and thus, the dust flux will decline [Pye, 1989] . While the development of hyper arid conditions is of some concern, decreased dust MARs in the sedimentary record are typically interpreted to represent more humid climate at the dust source [Rea, 1994; Hovan et al., 1989; Vanden Berg and Jarrard, 2004; Holmes et al., 2004] . [13] Dust is produced by erosion of soils and exposed unconsolidated sediments scoured by the wind [Gillette, 1977; Alfaro and Gomes, 2001] . In order for dust to be transported out over the oceans far from its source, it must be injected sufficiently high into the atmosphere [Pye, 1987; Rea, 1994] . Large windstorms are an obvious mechanism for entraining dust and moving it to the upper troposphere where it can travel great distances. Therefore, the injection of dust into the atmosphere is likely to occur in pulses brought about by seasonal variations in wind intensity and storms [Windom, 1975; Pye, 1987] . New work by McGee et al.
[2010] supports this notion, suggesting the "gustiness" related to steep meridional temperature gradients was the fundamental driver of glacial increases in dust accumulation. Clemens [1998] observed a seasonal dust deposition in the Arabian Sea related to the onset of summer monsoonal circulation. This indicates dust accumulation records may reflect variations in storm frequency rather than changes in environmental parameters such as source region aridity or relative wind intensity. However, in regions of the ocean where sedimentation rates are low, benthic organisms mix the uppermost sediments, removing any seasonal signals. Therefore, in slowly accumulating marine sediments bioturbation smears temporally fluctuating signals such that only robust climatic shifts occurring on timescales >1000 years are preserved in the lithologic record .
Methods

Study Location and Sampling Strategy
[14] Shatsky Rise, presently in the northwest Pacific Ocean (32°N, 158°E), is the only location with a known orbital lithologic record of Paleocene age appropriate for investigating changes in atmospheric dust. Plate reconstructions place Shatsky Rise in the center of the northern tropical Pacific (∼15°N-20°N) near the center of the subtropical gyre, during the early Paleogene [Hay et al., 1999] ( Figure 2 ). The paleolocation, remote from ocean ridges and active volcanoes, makes significant contribution of ash to the sediments, and subsequent alteration of the eolian signal, unlikely. The southern end of the rise presents a simplified depositional environment where the oligotrophic waters of the ancient gyre resulted in low, relatively stable production rates [Bralower et al., 2006] . Most importantly, the distance of this site far from any ancient coastline makes wind the most likely mechanism for terrigenous sediment delivery.
[15] We analyzed sediments from ODP Site 1209, situated on the southern high of Shatsky Rise, at ∼2300 m paleowater depth. At this site the recovered sedimentary section appears exclusively pelagic and not significantly influenced by bottom water currents [Bralower et al., 2002] . The early Paleogene age sediment is dominantly very fine-grained material (nannofossils and clay) with occasional horizontal laminations (S. C. Woodard, personal observation, 2007) , further indicating it did not experience postdepositional winnowing. We sampled approximately 4.2 m of the sedimentary section spanning eight consecutive 100 kyr eccentricity cycles that are ∼58 million years old [Westerhold and Röhl, 2006; Westerhold et al., 2008] (Figure 1 , peaks 79-71). Eight to ten samples, spaced ∼2-4 cm apart (representing ∼6-10 kyr of time) were taken to adequately characterize each cycle. We chose an interval of "normal" sedimentation (excluding the late Paleocene-early Eocene hyperthermals) to examine the effect of orbital forcing on deep-sea lithology without the need to account for possible influences of anomalous climatic events. In particular, the extreme climate events in the geologic record (such as the early Paleogene hyperthermals) have received great attention in the past decade as potential analogs for the rate and magnitude of future warming. However, it is equally important to understand the characteristic, "background" variability of the "greenhouse" climate system. Our data provide a context for understanding the general relationships between changes in orbital parameters, boundary conditions and climate during periods of overall global warmth.
Analytical Methods
[16] All samples were freeze-dried to remove water. Approximately 0.5 g of sediment was separated and homogenized with an agate mortar and pestle for carbonate content analysis. The remaining 3-4 g of sediment subjected to chemical treatments to extract dust.
Carbonate Content
[17] Percent total carbon was determined on bulk sediment samples using a UIC CM 5012 CO 2 Coulometer at Texas A&M University. Five to 10 mg samples were weighed into ceramic boats and combusted at 1000°C in a high-temperature furnace. Coulometer measurements were taken using a 3-4 min count time and one minute purge time between samples. Analyses of two lab standards, reagent grade sucrose (%C = 41.6% ± 0.6, 2 standard deviation, N = 21) and Midway sediment (%C = 2.64% ± 0.04, 2 standard deviation, N = 525) were used to monitor machine performance. Replicates were analyzed for one quarter of the samples and are included in Table 1 , averages corrected for organic carbon content are plotted as percent carbonate in Figure 3 .
[18] Four samples (∼50 mg each) were acidified using 1N HCl to remove carbonate, then analyzed for organic carbon content. Percentages of organic carbon were low and uniform between samples. The average organic carbon content (0.04% ± 0.009, 2 standard deviation) was subtracted from the measured total carbon to determine percent carbonate for each sample (Figure 3 ).
Dust Extraction
[19] Refractory alumino-silicates were isolated from ∼3-4 g of bulk sediment through a wellestablished series of chemical extractions [Rea and Janecek, 1981; Clemens and Prell, 1990; Hovan, 1995] . To remove carbonate, sediments were placed on a shaker table in 25% acetic acid for 2 h. Sediments were then leached in a warm (80°C) sodium dithionate-sodium citrate solution buffered with sodium bicarbonate to remove oxy-hydroxides and zeolites. Opal removal by sodium carbonate was not necessary as previous analyses indicated the sediment used in this study contained no biogenic silica [Bralower et al., 2006] . The isolated material, operationally defined as "eolian dust," was rinsed several times to remove any traces of chemical residue, freeze-dried and massed to determine the sediment's eolian weight percent (Figure 3) . Estimates of sedimentary dust content from biogenic sediments using this method are generally reproducible within 10-15% [Rea and Janecek, 1981; Hovan et al., 1991] . [20] We emphasize the fact that the extracted "dust" residue is operationally defined and therefore may contain materials of volcanic or authigenic origin. However, XRD and Nd isotope analyses indicate the majority of the isolated material is composed of quartz, feldspars, mica and clay minerals, which implies a continental source. The " Nd (t) values of the extracted dust also support a typical shale composition derived from continental sources and rule out authigenic contributions to the fine fraction [Woodard et al., 2009] .
Eolian Grain Size
[21] Grain size distributions of the eolian component were determined using a 256 channel Beckman Multisizer 4 Coulter Counter (Indiana University of Pennsylvania) with a 50 mm aperture and 150,000 particle count. Samples were suspended in a 5 g/L calgon solution and sonicated for 5 min prior to analysis to evenly disperse the material. Each sample was analyzed twice and the resulting distributions averaged. Grain sizes for each sample represent the median volume percent and are expressed as median diameters, f 50 (Table 2 and Figures 2 and 3) . Variation in median grain size between replicate samples was <15%.
[22] Relative wind intensity changes were estimated by comparing the squares of the median grain size diameters (D H,L ) of two samples, which we assumed represent the ratio of high to low wind intensities (R W ) [after Janecek and Rea, 1985] .
Mass Accumulation Rates
[23] Sediment mass accumulation rates (MAR bulk ) were determined using the following equation
where LSR is the linear sedimentation rate (cm/kyr), r bulk is the dry bulk density (g/cm 3
) and f x is the weight percent fraction of the component of interest ( Table 2 ). The age model we employ to determine the linear sedimentation rates (Figure 3 and Table 3 ) is based on the orbital cyclostratigraphy established by Westerhold et al. [2008] and widely accepted as the new basis for the Paleogene time scale. The age tie points (Table 3) are determined in relation to the orbital solution provided by Laskar et al. [2004] , which uses the more stable long eccentricity period of 405 kyr. Linear interpolation between datums (biostratigraphic, magnetostratigraphic, orbital) has been the convention for calcu- He constant flux as a proxy for sediment accumulation. The bulk sediment MAR is determined by dividing the known flux of 3 He ET by the amount measured in a sediment sample. This method determines the MAR without the need for an independent age model or interpolation between tie points and gives an "instantaneous" flux of material to the seafloor. However, linear sedimentation rates may be derived by dividing the 3 He ET based bulk sediment MARs by the dry bulk density (see equation above). In order to assess how sensitive our dust record is to the choice of a sedimentation model, we calculated linear He ET -based bulk sediment and dust mass accumulation rates.
[25] Gamma Ray Attenuation (GRA)-wet bulk density measurements were used to estimate dry bulk density by exploiting the linear relationship between shipboard physical properties measurements of wet and dry bulk density [after Lyle, 2003 ]. An additional correction of 0.32 g/cm 3 was subtracted from GRA-bulk density prior to calculation of r bulk values to account for the offset between measured bulk density and those given by GRA [Bralower et al., 2002] . Dust MARs were determined by multiplying the MAR bulk by the weight percent fraction (f x ) of the nondissolvable mineral component of the sediment (Figure 4 and Table 2 ).
Statistics
[26] Statistical correlations were performed using KaleidaGraph (Version 4.03). Confidence intervals were established using unpaired t tests. Spectral analysis of dust MARs and grain size was conducted using the SSA-MTM Toolkit (Version 4.4) available online at: www.atmos.ucla.edu/tcd/ssa/. Power spectra were estimated using the multitaper method with a resolution of two, three tapers and a frequency ranging from 0 to 1/2 Nyquist frequency [Ghil et al., 2002] . Power spectrum confidence intervals are based on red noise null hypothesis [Mann and Lees, 1996] . We tested two different age models for the dust flux records, one based on linear sedimentation rates used in the widely accepted orbital age model developed by Westerhold et al. [2008] , and the other based on sedimentation rates calculated from 3 He ET derived sediment fluxes. All data was interpolated to even 10 kyr spacing prior to spectral analysis. To Figure 4 . Dust mass accumulation rates (blue) and median grain sizes (dark red) generated for Shatsky Rise sediments spanning nine consecutive short eccentricity cycles. Measured iron intensities (black) and interpreted eccentricity cycles, 400 kyr (pink) and 100 kyr (green), from Westerhold et al. [2008] . Core depth in revised meters composite depth (rmcd) from Westerhold and Röhl [2006] . Estimated age of boundary between magnetochrons C26n and C25r is 58. 
Results
[27] Sedimentary carbonate content is high over the entire interval, ranging from 88.7 to 96.9 weight percent (Table 1 and Figure 3) . Weight percent carbonate negatively correlates with Fe content (R = −0.441, p < 0.001, Figure 3) Figure 3 ). Linear sedimentation rates determined using both methods are plotted in Figure 3 . LSRs based on 3 He ET -based MARs are much more variable than those derived using the age model perhaps due to the higher resolution of the 3 He ETbased record (31 sample depths versus 4 age model tie points, Table S1 ). 1 [28] Sedimentary dust content ranged from ∼0.2 to 2.7% (Table 2) , and the variations in dust accumulation (Figure 4 ) correlate positively with sedimentary Fe content (R = 0.58, p < 0.0001). Eolian dust MARs over the eight consecutive cycles are low, averaging only 3.9 ± 5.4 (2 standard deviation) mg/cm 2 /kyr. Despite low accumulation rates the Site 1209 record displays up to fourfold fluctuations about the mean with dust MARs ranging from a minimum of 0.9 mg/cm 2 /kyr to a maximum of 16.6 mg/cm 2 /kyr (Figure 4 ). An alternate set of Dust MARs calculated using sedimentation rates derived from 3 He ET constant flux proxy [Marcantonio et al., 2009] average 5.1 ± 6.1 (2 standard deviation) mg/cm 2 /kyr and show a range of 1.1 to 16.1 mg/ cm 2 /kyr). These variations are similar to those based on the orbital age model MAR bulk ( Figure S1 ). The most pronounced increases in dust flux occur over eccentricity peaks 71, 74, 75 and 79 (Figure 4) , intervals characterized by the coincidence of 100 kyr and 400 kyr eccentricity maxima. There are minor or absent increases in dust MAR over eccentricity peaks 72, 76 and 77 (Figure 4) , where 400 kyr eccentricity minima overlap with 100 kyr maxima (the high dust content coinciding with peak 73 (Figure 4 ) is marked by a single, anomalous data point. The dust MAR calculated from this data point, 17.43 mg/cm 2 /kyr, was the highest of any generated in this study and likely reflects some error in the preparation or weighing of the sample rather than a real increase in dust flux. Therefore, we do not discuss this data point further and exclude it from the data set used for spectral analysis.).
[29] Spectral analysis of the dust MAR record returned significant MTM power spectra at frequencies corresponding to orbital parameters. Power spectrum maxima are observed at 23, 42, 67 and 119 thousand year periodicities when the dust record is tied to the LSR-based age model (Figure 5a ) implying eccentricity, obliquity and precessional forcing. Spectral analysis of dust MARs using the 3 He ET -based age model returns significant frequencies corresponding to 77, 41 and 30 thousand year periodicities (Figure 5b ). In this case obliquity appears as the only orbital parameter pacing the dust MAR record.
[30] Eolian grain size distributions range from median values of 8.75f to 8.2f. The record exhibits a slight fining upward through stratigraphic section (Figure 4 ). High and low amplitude variations in median grain size occur on timescales shorter than the eccentricity cycles (Figure 4) . The MTM power spectrum generated for dust grain size reveals significant periodicities of 63, 38, 25 and 17 kyr. However, these periodicities do not correspond to known orbital parameters.
Discussion
Causes of Cyclic Sedimentation in the Tropical North Pacific Ocean
[31] The variations in dust accumulation at Site 1209 correlate closely with changes in sedimentary Fe content. This tight coherence suggests that variations in eolian dust accumulation were paced by orbital frequencies, and spectral analysis of the dust record supports this finding ( Figure 5 ). Thus cyclic changes in "dilution" by terrigenous sediments, in this case eolian dust, indeed contributed to the observed lithologic cycles.
[32] However, the amount of "dilution" by dust was only sufficient to have changed sedimentary carbonate contents by ∼1.5% (assuming constant carbonate production rates). As indicated in Figure 3 , sedimentary carbonate content varied by up to ∼8%, therefore we must consider the potential contribution of carbonate dissolution to the variations in lithology. This is particularly important given the relatively shallow CCD during the early Paleogene [e.g., van Andel et al., 1975; Rea and Lyle, 2005] .
[33] Carbonate dissolution might lead to apparent changes in the concentration of other sedimentary phases, however the variations in bulk sediment and carbonate accumulation recorded at Shatsky Rise are simply too small to explain the observed lithologic cycles (Figure 4 ). For example, assuming carbonate export to the deep ocean is 1 g/cm 2 /kyr and dust flux is constant at 0.005 mg/cm 2 /kyr, dissolution of ∼80% of the carbonate at depth could Figure 5 . (a) MTM power spectrum of dust mass accumulation rate data using orbital LSR-based age model. Significant power is found at frequencies of 0.043, 0.024, 0.015, and 0.008 cycles/kyr, corresponding to periodicities of 23, 42, 67, and 119 kyr. (b) MTM power spectrum for dust fluxes when 3 He ET -based age model is used. Significant frequencies found at 0.033, 0.024, and 0.013 cycles/kyr indicate periodicities of 30, 41, and 77 kyr. All data was detrended, the mean was removed, and it was interpolated to even 10 kyr spacing prior to spectral analysis.
explain the maximum range in sedimentary carbonate content (∼89-97%). Such high calculated dissolution rates could drive the large changes observed in the 3 He ET -based bulk sediment MAR record and explain nearly the entire range in sedimentary dust content (0.5-2.2%). However, this would require the bulk sediment MARs to decrease by fivefold to tenfold during periods of dust maxima. Such large bulk accumulation rate changes are not observed in the data (Figures 3 and 4) indicating the variations in dust flux occurred independently of carbonate dissolution.
[34] The observation that dust accumulation rates varied independently of carbonate accumulation is also supported by the fact that the dust and carbonate records do not mirror each other (Figures 3  and 4) . Furthermore, Marcantonio et al. [2009] noted that the 3 He ET -based bulk sediment MAR appears to mimic the sedimentary cycles picked out in the Fe record. Thus dust flux estimates based on two completely different sedimentation models, the 3 He ET constant flux proxy [Marcantonio et al., 2009] and the orbital age tie point based LSR, display similar patterns in dust accumulation ( Figure S1 ). Therefore, independent changes in the accumulation of both sedimentary components are required to explain the full range of variability observed in the data.
[35] The record of coarse fraction content, an established proxy for carbonate dissolution [e.g., Broecker and Clark, 1999] (Figure 6 ), which in this depositional setting consists entirely of foraminiferal tests, further corroborates this finding (Westerhold et al., submitted manuscript, 2010 ) with dust accumulation indicates that carbonate preservation (higher weight percentage coarse fraction) does not control the rate of dust accumulation. [36] Comparison of the dust accumulation rates with 4 He crustal fluxes (an independent proxy for dust in marine sediments) indicates that both records demonstrate a similar pattern of dust maxima and minima that correlate to the Fe cyclostratigraphy ( Figure 6) . It is not possible to directly compare accumulation rates derived from the two methods (it is not possible to convert the 4 He crustal flux estimates to mg/cm 2 /kyr because the endmember composition of crustal 4 He is not known) [e.g., Patterson et al., 1999] . Regardless, the coherence of the two independently generated dust accumulation records strengthens our conclusion that dust accumulation to the central tropical North Pacific was orbitally paced during the early Paleocene greenhouse. In fact, Marcantonio et al. [2009] concluded that the 4 He crustal fluxes correlate to the record of Fe counts, and suggested the possibility that dust fluxes were controlled by eccentricity variations, but this could not be proven due to the relatively low resolution of their data set. Furthermore, many of the differences between the two records can be reconciled by the overall lower resolution of the 4 He-based record. [Marcantonio et al., 2009] , and sedimentary weight percent coarse fraction (gray) (Westerhold et al., submitted manuscript, 2010) . Crustal 4 He fluxes are based on sedimentation rates derived from extraterrestrial 3 He constant flux and assumed to represent terrigenous inputs [Marcantonio et al., 2009] . Sedimentary Fe content is plotted (dashed line) with eccentricity peaks labeled for reference (green) [Westerhold et al., 2008; Marcantonio et al., 2009] .
Climatic Implications of Orbitally Paced Dust Accumulation
[37] The dust accumulation data from Site 1209 demonstrates the relationship between orbital forcing and dust supply during a greenhouse climate. Dust fluxes to Shatsky Rise are similar to dust MARs determined in contemporaneous Paleocene sediments at nearby site LL44-GPC3, ∼12 mg/cm 2 / kyr [Janecek and Rea, 1983] . All of these Paleocene dust MARs are approximately an order of magnitude less than modern dust accumulation rates for the central tropical North Pacific [Rea, 1994; Uematsu et al., 1985] . The lower rates of accumulation are consistent with a more humid greenhouse atmosphere and fewer or smaller dust source deposits.
[38] The distribution of the insolation signal across Earth's surface is primarily modified by orbital cycles with shorter periodicities [Berger and Loutre, 2004; Holmes et al., 2004] . The presence of the 41 and 42 kyr periodicities identified by spectral analysis of our record, regardless of age model used, links dust accumulation during a greenhouse climate to obliquity variations. As discussed earlier, obliquity controls meridional insolation gradients. Steepened insolation gradients would cause steepened temperature and atmospheric pressure gradients likely promoting conditions favorable for the development of large low-pressure systems, the meteorological mechanism suggested to explain the majority of dust deposited in the oceans far from continental sources [Pye, 1987] . Recent work by McGee et al. [2010] points out that dust is entrained only by <0.3% of wind entrains the majority of dust and increases in Quaternary dust accumulation occurs during times of enhanced meridional gradients and the prevalence of strong winds. If dust MARs are determined by the strength of wind storm activity, obliquity-driven increases in meridional insolation gradients could explain increased dust fluxes in our "greenhouse" record.
[39] The pattern of dust accumulation clearly coincides with the 100 and 400 kyr changes in lithology (Fe counts) indicating a strong component of eccentricity forcing of dust accumulation. Yet spectral analysis of the record using the LSRbased age model indicates that all three orbital parameters (eccentricity, obliquity and precession) contributed to variations in dust accumulation (Figure 4) . It is significant that the amplitude of eccentricity-paced variations in our early Paleogene dust accumulation record was comparable to that recorded in Pacific Ocean Pleistocene glacialinterglacial sedimentary sequences (∼twofold to fourfold) [Kohfeld and Harrison, 2001; Winckler et al., 2008] . This suggests that the relative impact of orbitally induced changes in dust accumulation may have been similar during the Pleistocene and Paleocene.
[40] The causal relationship between eccentricity forcing and the factors that influence dust supply is relatively straightforward. Eccentricity is the only orbital parameter that controls the total amount of solar radiation received by Earth annually [e.g., Pälike, 2005] . At maximum eccentricity, the global variation in annual solar insolation can be as much as 24% causing the greatest seasonal contrasts to occur in both hemispheres [Williams et al., 2007; Pälike, 2005] . Such seasonal contrasts during a greenhouse climate would likely have manifested themselves as wet-dry variations [Barron, 1995; Williams et al., 2007] . During maximum eccentricity (maximum seasonality) dust source regions would have experienced drier dry seasons leading to increased dust generation and wetter wet seasons allowing chemical weathering and runoff to recharge dust source regions with fine-grained materials. Variations in hydrologic cycling would have also impacted vegetation cover, in turn affecting dust supply. The coincidence of 100 kyr and 400 kyr eccentricity maxima would have amplified that seasonal contrast even further, explaining the largest peaks in dust accumulation (Figures 3 and 4) .
[41] The signal from climatic precession is always present in insolation time series and is modulated in amplitude by eccentricity [Pälike, 2005] . This leads to variability in the timing of periods of maximum insolation with respect to Earth's seasons and ultimately effects the latitudinal distribution of the seasons. The 23 and 119 kyr periodicities identified by spectral analysis suggest a connection with 100 kyr eccentricity forcing modulating precession [Maslin and Ridgwell, 2005] .
[42] The coincidence of high dust MARs with eccentricity maxima as well as presence of obliquity and precessional components in the dust flux record implies that enhanced dust production/ transport was tied to strong seasonality. Intensification of seasonal contrasts during eccentricity maxima in the form of amplified wet-dry cycles, specifically the enhanced aridity of the dry season, provides a plausible mechanism for increased dust delivery. In addition, enhanced seasonality may increase dust storm generation causing higher dust fluxes to the pelagic ocean [Pye, 1987; McGee et al., 2010] . This explanation is also consistent with the monsoonal type climate suggested to have dominated global atmospheric circulation patterns during the Paleogene [Wing, 2003; Holmes et al., 2004] .
Implications of the Grain Size
Distribution of Dust at Site 1209 [43] While the flux of dust to the open ocean provides a relative constraint on the supply of dust available, the grain size distribution is dictated by variations in sandblasting efficiency, the size of soil aggregates at the source region, and wind speed [Muhs and Bettis, 2003; Alfaro and Gomes, 2001] . As the wind transports dust away from its source the majority of the particles settle out. However, Gillette and Blifford [1974] showed that particles with a diameter of <14 mm are essentially "nonsettling" and can remain suspended in the atmosphere indefinitely. Particles in this size range are capable of long distance travel in the upper troposphere where they form part of the background atmospheric aerosol and are largely removed by precipitation. This is supported by studies modeling atmospheric dust [Schutz et al., 1981] , and seafloor sediment data [Janecek, 1985] that indicate by >2000 km distance from shore atmospheric dust is in equilibrium with transporting winds [Janecek and Rea, 1985; Pye, 1987] . When the atmospheric dust load reaches equilibrium state, the grain size distribution of the dust remains constant proportional to the transporting wind velocity at the time.
[44] Dust accumulating in the region of Shatsky Rise was likely transported thousands of kilometers from its source. The grain size distributions of our samples are typical of those classified as "dominantly to entirely eolian" [Rea and Hovan, 1995] ( Figure S2 ). If we assume the region supplying dust to the central Pacific Ocean 58 Ma did not change appreciably over our ∼800 kyr interval, then physical conditions (i.e., saltation-sandblasting or soil aggregate size) dictating grain size at the source likely remained constant over the interval. Therefore, our dust grain size record can be interpreted to reflect changes in the carrying capacity of the wind whether controlled by absolute changes in wind speed or changes in the dominant delivery pathway of particles to the remote ocean.
[45] Median grain size diameters of dust deposited on Shatsky Rise at ∼58 Ma exhibits significant high frequency variability ranging from 2.3 to 3.4 mm (8.75f to 8.2f) (Figure 3) , well within the "nonsettling" size fraction range. The range of median grain sizes in the ∼800 kyr Site 1209 record is consistent with coeval values reported from nearby DSDP Site 576 and LL44-GPC3 to the east (Figure 2 ) (∼8.7f and ∼8.4f, respectively) Janecek and Rea, 1983] . However, the variations in Site 1209 median grain size do not reflect known orbital frequencies (Figure 4) . [46] Regardless of the lack of orbital periodicity, the eolian grain size distributions shed important light on the intensity of atmospheric circulation during the early Paleogene greenhouse. The grain size record from Shatsky Rise is similar to that of eolian dust deposited in the Pacific Ocean over the past 750 kyr. Median grain sizes of dust deposited beneath the westerlies (Core KK75-02) and in the eastern equatorial Pacific (DSDP Site 503) ranged from 8.81f to 8.37f and from 8.79f to 8.25f, respectively [Janecek and Rea, 1985; Janecek, 1985] . Based on paleolocation, it is likely that Shatsky Rise lay within the tropical trade wind belts at ∼58 Ma. Variations in wind intensity spanning several Pleistocene glacial-interglacial cycles (past 750 kyr) average 22% beneath the westerlies (KK75-02) and 36% under the trade winds (Site 503) [Janecek and Rea, 1985] . Assuming dust deposited on Shatsky Rise was in equilibrium with transporting winds, we estimate relative wind intensity fluctuated by as much as 30-50% from the change in median grain size (see Methods). These values suggest relative trade wind strength and patterns were at least as variable in the early to late Paleocene as during the Pleistocene icehouse and the vigor of atmospheric circulation may have been comparable to the modern regime. Alternatively, similarities observed between our record and Quaternary grain sizes might simply reflect the natural variability in grain size distribution of background aerosol particles transported far out over the pelagic ocean, although they do imply that winds in the upper troposphere had similar carry capacities.
Conclusions
[47] The new records of eolian dust grain size and accumulation on Shatsky Rise for the time period ∼58 Ma provide insight into the response of the paleoenvironment to orbitally paced changes in solar insolation. The range of eolian grain sizes analyzed is similar to that of dust presently accumulating in the central Pacific Ocean. This implies atmospheric circulation may have been as vigorous during the greenhouse at ∼58 Ma as it has been throughout the late Cenozoic icehouse, corroborating other recent evidence that equator-to-pole thermal gradients may have been steeper than previously believed. The overall dust fluxes, however, were substantially less than modern due to an overall more humid atmosphere or fewer/smaller dust source regions during the early Paleogene (or a combination of both).
[48] The accumulation of dust at Shatsky Rise ∼58 Ma is strongly correlated to the orbitally paced lithologic cycles defined by sedimentary Fe content. Thus we conclude that dust accumulation was likely controlled by the same forcing function, orbital eccentricity, establishing for the first time that eccentricity variations in solar insolation influence climate during greenhouse intervals as has been determined for glacial-interglacial climate intervals. The data suggest that source regions supplying dust to the tropical North Pacific may have experienced amplified wet-dry cycles corresponding with orbital eccentricity maxima, and the relative response of dust supply to eccentricity forcing during the last major interval of greenhouse climate was comparable to that during the Pleistocene.
[49] Intervals of increased dust accumulation may "dilute" the total calcium carbonate accumulation, yet the recorded dust changes only account for a fraction of the total carbonate change. Therefore, some other mechanism controlling carbonate preservation at the seafloor must also have responded to orbital forcing, driving the total lithologic change (defined by the Fe or magnetic susceptibility variations) and accounting for the remaining difference in carbonate content.
